Molecular data concerning the involvement of the roots in the genetic pathways regulating floral 2 transition are lacking. In this study, we performed global analyses of root transcriptome in 3 Arabidopsis in order to identify flowering time genes that are expressed in the roots and genes 4 that are differentially expressed in the roots during the induction of flowering. Data mining of 5 public microarray experiments uncovered that about 200 genes whose mutation was reported to 6 alter flowering time are expressed in the roots but only few flowering integrators were found. 7 Transcriptomic analysis of the roots during synchronized induction of flowering by a single 22-h 8 long day revealed that 595 genes were differentially expressed. A delay in clock gene expression 9 was observed upon extension of the photoperiod. Enrichment analyses of differentially 10 expressed genes in root tissues, gene ontology categories and cis-regulatory elements converged 11 towards sugar signaling. We inferred that roots are integrated in systemic signaling whereby 12 carbon supply coordinates growth at the whole plant level during the induction of flowering. 13 15
INTRODUCTION
total of 10,508 AGI loci passed filtering criteria (see Material and Methods) and thus were 148 considered as being expressed in the roots in our experimental system. These 10,508 loci 149 included 168 flowering-time genes, among which 152 were common with the subset revealed by 150 the global data mining shown in Figure 1 , somehow confirming these results. Sixteen additional 151 flowering-time genes were then expressed in our experimental set-up, and hence may be 152 regulated by plant age or growing conditions (Supplemental Table 3 ). Among them, we found 153 the floral integrator SOC1 and two flowering-time genes involved in the control of meristem 154 determinacy: TERMINAL FLOWER 1 (TFL1), a gene of the same family as FT but repressing 155 floral transition in the shoot apical meristem (Kobayashi et al., 1999) and XAANTAL2 (XAL2, 156 also named AGL14), a gene involved in shoot and root development (Garay-Arroyo et al., 2013;  encoding the phytochrome B-interacting protein VASCULAR PLANT ONE ZINC FINGER Among clock components, several morning genes -CIRCADIAN CLOCK ASSOCIATED1 177 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), NIGHT CLOCK-REGULATED2 (LNK2), and REVEILLE2 (RVE2) -were repressed at h22 in LD. On 179 the opposite, two evening genes were upregulated: GI and EARLY FLOWERING 4 (ELF4). 180 The increase in photoperiod also induced the expression of two sugar metabolism-related genes: 181 TPS1 and ADP GLUCOSE PYROPHOSPHORYLASE1 (ADG1), encoding a subunit of ADP-182 glucose pyrophosphorylase (AGPase). Finally, we found that the expression of two genes 183 involved in the control of meristem fate was also altered: TFL1 was upregulated in LD whereas 184 XAL2 was repressed at h22.
185
Differentially expressed genes are enriched in phloem tissue 186 The list of 595 differentially expressed genes was thereafter submitted to different tests to see 187 whether particular networks emerged. We performed three different searches based on (i) tissue 188 enrichment, (ii) gene ontology and (iii) promoter sequences ( Figure 3 ).
189
First, to know in which tissues the differentially expressed genes were enriched, we crossed their 190 list with the tissue-specific root transcriptome dataset published by Brady et al. (2007) . As a 191 reference, we used the whole set of 10,508 genes expressed in the roots in our experimental 192 system. We found that while the genes expressed in the roots are mostly detected in xylem and 193 hair cells, this distribution was notably modified in the subset of differentially expressed genes 194 with phloem and lateral root tissues hosting a significant part of the observed changes (Figure 195 3A).
196
Second, we performed a gene ontology enrichment test and found that 'Photoperiodism' was the 197 most significantly enriched term in differentially expressed genes ( Figure 3B Third, we searched for enriched cis-elements in the promoters of differentially expressed genes 201 by using the tools of the MEME suite software ( Figure 3C ). Differentially expressed genes were distributed among four subsets corresponding to the expression patterns illustrated in Figure 2B : 203 up or down in LD, at h16 or h22. A de novo motif search was then performed with MEME 204 (motif length between 8 and 15 nucleotides) and DREME (motif length ≤ 8) to find the most 205 represented motifs in the promoters of each of the four gene subsets. Based on Korkuc et al.
206
(Korkuc et al., 2014) study, we scanned the regions spanning -500 to +50 nt from the 207 transcription start site of the genes. Among the resulting motifs, we found several close matches 208 to five known cis-elements: the telo-box (AAACCC[TA]), the site II element (A[AG]GCCCA), 209 the I-Box, the TATCCA element, and the G-box (CACGTG). To determine which of these 210 motifs were specifically associated with the four expression patterns, we tested for the 211 enrichment of each motif in the four subsets of differentially expressed genes with the AME 212 tool. We found that both telo-box and site II elements were significantly enriched in upregulated 213 differentially expressed genes, I-Box and TATCCA were rather associated with repressed 214 differentially expressed genes. The G-box was not significantly enriched in any of the subsets 215 ( Figure 3C ).
216
The change in photoperiod affects the root circadian clock 217 RT-qPCR analyses were performed on selected differentially expressed genes in order to 218 confirm their differential expression ( Figure 4 ). Since several clock genes appeared on the list, 219 we performed time-course experiments to evaluate in more detail to which extent circadian-220 regulated processes were affected by the photoperiodic treatment. Roots were therefore 221 harvested every 4 h during the inductive 22-h LD and in control 8-h SD. 222 We analysed the expression of GI, CCA1 and PSEUDO-RESPONSE REGULATOR 7 (PRR7) as 223 representative clock genes (Hsu and Harmer, 2014) . The 22-h LD caused a 4-h delay in the 224 expression patterns of these three genes, suggesting a phase shift of the circadian clock ( Figure   225 4A, left panel). Since such an effect could globally impact clock outputs, we attempted to 226 evaluate the proportion of clock-regulated genes among the 595 differentially expressed genes. 227 We therefore crossed the list with datasets from transcriptomic analyses of circadian clock-228 regulated genes in lateral roots (Voß et al., 2015) and shoot (Covington et al., 2008) . A large overlap of 78% and 63% was found with these datasets, respectively, revealing that the majority 230 of the differentially expressed genes were indeed regulated by the circadian clock ( Figure 4B ).
231
Our analysis also included candidate genes involved in sugar sensing and cytokinin biosynthesis 232 ( Figure 4A , right panel). Most interestingly, TPS1 whose activity is required for flowering in the 233 leaves and in the shoot apical meristem (Wahl et al., 2013) was up-regulated in the roots during 234 the 22-h LD. Our analysis also showed upregulation in LD of two 235 ISOPENTENYLTRANSFERASE encoding genes (IPT3 and IPT7) whereas a third one (IPT5) did 236 not vary. These results confirmed the microarray data and clearly suggested that sugar signaling 237 and cytokinin biosynthesis were stimulated in the roots in response to the photoperiodic 238 treatment.
239
Reverse genetic analysis of differentially expressed genes did not 240 reveal strong phenotypes. 241 We selected a subset of 30 differentially expressed genes for functional analyses, following a Table 4 ). The corresponding mutants available were 245 characterized for two traits: flowering-time and root architecture ( Figure 5 ). Flowering time was 246 quantified as the total number of leaves below the first flower. Surprisingly, only 5 mutants 247 showed an altered flowering time phenotype in LD ( Figure 5A ). Some of these mutants had been 248 previously characterized such as gi-2 which, as expected, was very late flowering (Koornneef et 249 al., 1991) and glycine-rich RNA-binding protein 7 (grp7, also called ccr2) which was only 250 slightly delayed (Streitner et al., 2008) . The cytokinin biosynthesis mutants ipt3 and ipt3;5;7 251 showed an early flowering phenotype but the latter was highly pleiotropic and displayed 252 abnormal growth (Miyawaki et al., 2006) . Finally, the mutant for the AT3G03870 gene of 253 unknown function showed the earliest flowering phenotype, producing 4 fewer leaves than Col-0
In order to select the genotypes whose root system significantly differed from WT, we performed 256 a Principal Component Analysis (PCA) using the length of the primary root, the length of the 257 apical unbranched zone, the lateral root density, the lateral root number, the total lateral root 258 length and the lateral root angle. The first two Principal Components (PC1 and PC2) were 259 compared using Student tests with a threshold at p<0.01. The selected genotypes were then 260 compared to WT for each variable (t-test, p<0.01) ( Figure 5B ). The first principal component 
DISCUSSION

272
Molecular data concerning the involvement of the roots in the process of flowering are lacking.
273
In this study, transcriptome analyses showed that about 200 genes whose mutation had been 
279
The small discrepancy in flowering-time gene numbers found in the two analyses is informative 280 on the fact that some of these genes might be developmentally regulated in the roots. Indeed, 281 most arrays deposited in databases were obtained from a few-day old seedlings whereas we 282 studied mature 7-week old plants. Among the 16 genes expressed in hydroponics but not 283 reaching the 50% threshold in the data mining survey, we found genes regulating meristem identified as a repressor of root growth (Lachowiec et al., 2015) . We observed that the two genes 290 were differentially expressed in the roots during the 22-h LD, but again in opposite ways: XAL2 291 was down-regulated and TFL1 was up-regulated, a situation that in the shoot would delay In both the global and experimental microarray analyses, the photoperiodic pathway was found 297 to be enriched in the roots and several regulators of CO were differentially expressed during the 298 induction of flowering by one LD. Among them we found CDFs and SPA1, involved in the proteolysis of the CO protein. These results are striking since CO itself was not detected in the (Sulpice et al., 2014) and to be required in the leaves and the shoot apical meristem at flowering molecular basis to the physiological shoot-to-root-to-shoot loop disclosed in the mustard Sinapis (www.lifetechnologies.com). Before processing further with the RNA samples, we assessed distribution among the different tissues of the roots. This exercise was performed on our 442 microarray analysis with the list of all root-expressed genes (expression level of at least 100 in ≥ 443 20% of the arrays) or the genes differentially expressed during the photoperiodic induction of 444 flowering (adjusted p-value ≤ 0.01). Using the resulting data, we performed a Fisher's exact test 445 to determine whether tissues were over-or under-represented in the differentially expressed 446 genes list; the tissues in which the number of differentially expressed genes was higher than the 447 expected value was tested for over-representation while tissues in which the number of 448 differentially expressed genes was lower than the the expect number was tested for under-449 representation (p-value ≤ 0.01).
450
The Gene Ontology Enrichment analysis was performed using the topGO package V2.20.0 451 (Alexa and Rahnenfuhrer, 2010) with the annotation of the ATH1 array from ath1121501.db 452 package V3.1.4. We performed a Biological Process (BP) enrichment analysis using the classic 453 Fisher's exact test (p<0.001). Redundant GO terms were removed. The expected numbers of 454 differentially expressed genes were computed based both on the total number of root-expressed 455 genes (see above) and the number of differentially expressed genes in our microarray analysis.
456
The analysis of circadian clock-regulated genes exploited datasets obtained in studies of the 457 circadian clock in shoots (Covington et al., 2008) and lateral roots (Voß et al., 2015) . To identify 458 the shoot circadian clock-regulated genes, Covington and colleagues analyzed different 459 publically available circadian microarray datasets. We used the list containing the highest 460 number of circadian clock-entrained genes. In Voß's study, the authors identified highly-461 probable circadian clock-regulated genes in the roots using three different analysis tools. The list 462 we selected was based on the less stringent parameters, as we included the genes predicted to be 463 clock-regulated by at least one of those tools. When we crossed our experimental list of 464 differentially expressed genes with these datasets, we found that some differentially expressed 465 genes were not represented in Covington's or Voß's arrays and hence we excluded them for the 466 comparison. Gissot, L., Turnbull, C., and Coupland, G. (2007) . FT protein movement contributes to long-Hirose, N., Takei, K., Kuroha, T., Kamada-Nobusada, T., Hayashi, H., and Sakakibara, H. (2008) . Lamesch, P., Berardini, T.Z., Li, D., Swarbreck, D., Wilks, C., Sasidharan, R., Muller, R., Dreher, FLOWERING LOCUS T. Nature 478: 119-122.
RT-qPCR analysis
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